Sm and Sm-like proteins are RNA-binding factors found in all three domains of life. Eukaryotic Sm proteins play essential roles in pre-mRNA splicing, forming the cores of spliceosomal small nuclear ribonucleoproteins (snRNPs). Recently, Sm proteins have been implicated in the specification of germ cells. However, a mechanistic understanding of their involvement in germline specification is lacking and a germline-specific RNA target has not been identified. We demonstrate that Drosophila SmB and SmD3 are specific components of the oskar messenger ribonucleoprotein (mRNP), proper localization of which is required for establishing germline fate and embryonic patterning. Importantly, oskar mRNA is delocalized in females harboring a hypomorphic mutation in SmD3, and embryos from mutant mothers are defective in germline specification. We conclude that Sm proteins function to establish the germline in Drosophila, at least in part by mediating oskar mRNA localization.
INTRODUCTION
Primordial germ cells are formed by one of two general mechanisms: cytoplasmic inheritance of specificity factors or de novo induction of germline fate (Extavour and Akam, 2003) . Drosophila represents the best-characterized model of the former, whereas mice represent the best-studied example of the latter (Hayashi et al., 2007; Mahowald, 2001; Santos and Lehmann, 2004) . In Drosophila, formation of the germline-specific cytoplasm (referred to as pole plasm) begins during oogenesis and involves restriction of Oskar protein to the posterior of the oocyte (Ephrussi and Lehmann, 1992) . Oskar recruits the downstream factors for pole plasm assembly (Breitwieser et al., 1996; Ephrussi et al., 1991; Smith et al., 1992) .
Although the precise mechanism of pole plasm formation is unknown, Oskar plays a central role, and its mislocalization can result in the ectopic formation of pole plasm (Ephrussi et al., 1991; Smith et al., 1992) . The Drosophila pole plasm is also required for embryonic patterning (Ephrussi et al., 1991; Wang and Lehmann, 1991) . Therefore, embryonic development requires precise spatial and temporal restriction of Oskar to the posterior of the oocyte. This restriction involves multiple levels of regulation. oskar mRNA, which is transcribed by nurse cells, is actively transported to the posterior of the oocyte (Ephrussi et al., 1991; Kim-Ha et al., 1991; Martin and Ephrussi, 2009; St Johnston, 2005) . During transport, oskar mRNA is maintained in a translationally inactive state (Kim-Ha et al., 1995; Wilhelm and Smibert, 2005) . Once delivered to the posterior, the translational repression of the message is relieved and the mRNA is converted to a translationally active form (Gunkel et al., 1998; Micklem et al., 2000; Wilhelm and Smibert, 2005) . Oskar protein subsequently anchors its own message at the oocyte posterior (Vanzo and Ephrussi, 2002) .
Finally, recent data suggest that additional features, such as long Factin projections and a polarized endocytic pathway, also restrict Oskar activity to the posterior pole of the oocyte (Tanaka and Nakamura, 2008; Vanzo et al., 2007) .
Numerous trans-acting factors function at the various stages of oskar mRNA localization. In fact, oskar mRNA appears to be marked from the time of splicing for its unique cytoplasmic fate (Hachet and Ephrussi, 2004) . Consistent with a function for splicing in the localization of oskar mRNA, exon junction complex (EJC) proteins are components of oskar messenger ribonucleoproteins (mRNPs) and are involved in mediating proper localization of the message (Hachet and Ephrussi, 2001; Micklem et al., 1997; Mohr et al., 2001; Newmark et al., 1997; van Eeden et al., 2001) .
The core machinery of the spliceosome consists of small nuclear ribonucleoproteins (snRNPs) (Matera et al., 2007) . Each snRNP contains a small non-coding RNA, several snRNP-specific proteins and a heptameric core of Sm or Sm-like (Lsm) proteins (see Fig.  1A ). Although best known for their essential roles in splicing, recent findings suggest that Sm proteins have a novel, non-splicing function in the specification of germ cells. In C. elegans, depletion of Sm proteins results in breakdown and mislocalization of Pgranules, structures that are functionally similar to the Drosophila pole plasm (Barbee and Evans, 2006; Barbee et al., 2002) . Importantly, Sm proteins, but not core splicing factors, are present within P-granules (Barbee et al., 2002) . In addition, Sm proteins have been shown to localize to the mitochondrial cement in Xenopus oocytes and to the chromatoid body in mouse spermatocytes, structures that are equivalent to those present within the fruit fly pole plasm (Bilinski et al., 2004; Chuma et al., 2003) . Finally, Drosophila mutants in dart5 (capsuleen), an arginine methyltransferase responsible for post-translational modification of Sm proteins, are unable to specify germ cells (Anne et al., 2007; Gonsalvez et al., 2006) . The functional and mechanistic significance of these findings, however, is largely unknown.
In order to elucidate the mechanism whereby Sm proteins function to establish germ cell identity, we used Drosophila as a model system. We identified a viable mutant allele of the SmD3 gene. In contrast to wild-type protein, the mutant protein fails to localize to the pole plasm, and embryos derived from mutant mothers are defective in germ cell specification. Molecular characterization revealed that oskar mRNA was delocalized in mutant oocytes. Importantly, we demonstrate that SmB and SmD3, but not other core splicing factors, are associated with oskar mRNA. Collectively, our results indicate that Sm proteins are required at numerous points in the oskar mRNA life cycle. In the context of the spliceosome, Sm proteins are involved in splicing oskar pre-mRNA. Subsequently, a novel Sm complex associates with spliced oskar mRNA and ensures its proper localization to the posterior pole. We therefore conclude that Sm proteins function in the establishment of germline fate in Drosophila.
MATERIALS AND METHODS

Transgenic constructs
The UAS-driven VFP-Sm constructs were generated by cloning the respective cDNAs into the Gateway transgenesis vector pPVW (Drosophila Genome Research Center; contributed by T. Murphy, Carnegie Institution, Baltimore, MD, USA). The GFP-SmD3 (wild-type and R-K mutant) constructs were generated by cloning the following fragments into pattB (obtained from K. Basler, University of Zurich, Zurich, Switzerland): SmB promoter, gfp, and the SmD3 open reading frame and 3ЈUTR.
Fly strains
Oregon-R was used as the wild-type strain. Unless otherwise noted, all stocks were cultured at 25°C. The transgenic fly strains were injected by BestGene. The driver strains were obtained from the Bloomington Stock Center (nos-Gal4 stock number 4937; da-Gal4 stock number 8641). Other fly strains used were: UAS-driven oskar overexpression (Zimyanin et al., 2007) , stau D3 and Df(2R)PC4 (St Johnston et al., 1991) , tud 1 (Boswell and Mahowald, 1985) , dart5-1 (Gonsalvez et al., 2006) , GFP-Stau (Schuldt et al., 1998) , par-1 w3 (Shulman et al., 2000) , par-1 6323 (Shulman et al., 2000; Tomancak et al., 2000) and UAS-driven osk-bcd (Tanaka and Nakamura, 2008) . The SmD3pt allele was generated by Quinones-Coello et al. (Quinones-Coello et al., 2007) , and was obtained from L. Cooley (Yale, New Haven, CT, USA).
Antibodies
The following antibodies were used for immunofluorescence: rabbit antiOskar (A. Ephrussi, EMBL, Heidelberg, Germany; 1:2000) , rabbit anti-Stau (D. St Johnston, University of Cambridge, Cambridge, UK; 1:2500), rabbit anti-Tud (P. Lasko, McGill University, Montreal, Canada; 1:250) , mouse anti-Grk (Developmental Studies Hybridoma Bank, contributed by T. Schüpbach, Princeton University, Princeton, NJ, USA; 1:100), rabbit antiKhc (Cytoskeleton; 1:150) and rabbit anti-Vasa (P. 1:2000) . The secondary antibodies used were goat anti-rabbit Alexa 594 and Alexa 488 (Invitrogen; 1:400 and 1:200, respectively) and goat anti-mouse Alexa 594 (Invitrogen; 1:400). The following were used for immunoprecipitation: Y12 (J. Steitz, Yale, New Haven, CT, USA), rabbit anti-Yps (J. Wilhelm, University of California, San Diego, CA, USA), rabbit anti-GFP (Abcam) and mouse anti-Snf (H. Salz, Case Western Reserve University, Cleveland, OH, USA). For western blot analysis, we used the following: SYM10 (Upstate), mouse anti-GFP (Roche), rabbit anti-GFP (Abcam) and Y12.
Fixation of oocytes and embryos
Females fattened on yeast paste were dissected as described (Findley et al., 2003) . The oocytes were fixed for 20 minutes in PBS containing 4% formaldehyde. After fixation, the ovaries were washed in PBST (PBS containing 0.1% Triton X-100) before being used in downstream procedures. Embryos were collected from females of the indicated genotypes mated to wild-type males. The embryos were fixed as described by Findley et al. (Findley et al., 2003) . Embryos that were not immediately used for downstream procedures were stored in methanol at -20°C.
Immunofluorescence and in situ hybridization
For immunofluorescence, ovaries and embryos were treated identically. The samples were blocked in PBST containing 2% BSA (blocking solution). The primary antibody, diluted in blocking solution, was incubated with the samples overnight at 4°C. Next, the samples were washed with PBST. The secondary antibody, also diluted in blocking solution, was incubated with the samples overnight at 4°C. The samples were washed with PBST as before, stained with DAPI and mounted in antifade solution (0.233 g DABCO, 800 l water, 200 l 1 M Tris-HCl pH 8.0, 9 ml glycerol). For in situ hybridization, the fixed ovaries were incubated for 5 minutes at room temperature in a 1:1 PBST:hybridization buffer (50% deionized formamide, 5ϫ SSC, 0.1% Tween 20) solution. This solution was removed and prehybridization buffer [hybridization buffer plus 50 g/ml salmon sperm DNA (Invitrogen)], warmed to 85°C for 5 minutes, was added. Pre-hybridization was performed at 65°C for 90 minutes. The DIG-labeled antisense RNA probe was diluted in fresh hybridization buffer containing 50 g/ml salmon sperm DNA, warmed to 85°C for 5 minutes and then chilled on ice for 2 minutes. Next, the pre-hybridization solution was removed, the probe was added and hybridization was performed overnight at 65°C. The next day, the samples were washed in pre-warmed hybridization buffer for 30 minutes at 65°C. This solution was replaced by a 1:1 mix of PBST:hybridization buffer and incubated at 65°C for 30 minutes. The samples were then washed with several changes of PBST and blocked in blocking solution. Sheep anti-DIG peroxidase Fab fragments (Roche) diluted 1:50 in blocking solution were added to the samples and incubated overnight at 4°C. The next day, the samples were washed with PBST and incubated with Cy3 tyramide (Perkin Elmer) diluted 1:50 in the provided amplification buffer. The amplification was performed at room temperature for 2 hours. The samples were DAPI stained, washed with PBST and mounted in antifade. For the combined in situ hybridization immunofluorescence procedure, the samples were first processed for in situ hybridization before being processed for immunofluorescence.
SnRNP immunoprecipitation
Ovaries from well-fed females were dissected as described above. The ovaries were homogenized using a pestle in lysis buffer A [50 mM Tris pH 7.5, 200 mM NaCl, 0.2 mM EDTA, 0.05% NP40 and Halt Protease Inhibitor Cocktail (Pierce)]. The lysates were cleared by centrifugation at 10,000 g at 4°C for 10 minutes. SnRNPs were immunoprecipitated from 500 g of total lysate using Y12 antibody coupled to protein A-agarose beads (Pierce). For RNA isolation, total RNA was extracted using Trizol (Invitrogen) according to the manufacturer's instructions.
Immunoprecipitation followed by RT-PCR
Ovaries from well-fed females were dissected in Express Five SFM medium (Invitrogen). The ovaries were homogenized using a pestle in lysis buffer B (25 mM Hepes pH 6.8, 50 mM KCl, 1 mM MgCl 2 , 1 mM DTT, 125 mM sucrose, 0.1% NP40, 50 g/ml yeast tRNA, 50 g/ml salmon sperm DNA and a protease inhibitor cocktail). The lysates were cleared by centrifugation at 10,000 g at 4°C for 10 minutes. For each immunoprecipitation, 600 g of lysate was incubated with the respective antibodies at 4°C for 1.5 hours. The complexes were isolated with protein A-coupled Dyna magnetic beads (Invitrogen). The beads were washed four times for 10 minutes each with gentle shaking at 4°C using wash buffer A (25 mM Hepes pH 6.8, 200 mM KCl, 1 mM MgCl 2 , 125 mM sucrose, 0.1% NP40). The bound complexes were eluted in 100 l of elution buffer (100 mM Hepes pH 6.8, 150 mM NaCl, 12.5 mM EDTA, 1% SDS) at 68°C for 10 minutes. RNA was extracted from the eluate by phenol:chloroform (25:24; Sigma Aldrich) extraction. The RNA pellet was resuspended in 20 l RNAsecure (Ambion). One microliter of each sample was reverse-transcribed using Superscript III (Invitrogen) and random hexamers. The following PCR conditions were used: oskar, vasa and SmB mRNAs, 35 cycles; U1 snRNA, 25 cycles. A Biorad iCycler was used for the quantitative (q) PCR analysis.
RESULTS
SmB and
SmD3 are specific components of the Drosophila pole plasm Drosophila mutants in dart5 are defective in germline formation (Anne et al., 2007; Gonsalvez et al., 2006) . Dart5 is an arginine methyltransferase that is responsible for methylating residues in the C-terminal tails of the spliceosomal proteins SmB, SmD1 and
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SmD3. Tudor, an essential pole plasm component, is delocalized within dart5 mutant oocytes (Anne et al., 2007; Gonsalvez et al., 2006) . Tudor is the eponymous member of a family of proteins that contain a structural motif known as the tudor domain. Importantly, tudor domains function as methyl-binding modules (Cote and Richard, 2005) . Loss of Dart5 activity results in Sm proteins that are unmethylated (Gonsalvez et al., 2006) and presumably unable to bind Tudor (Anne et al., 2007) . Based on these findings, we initially hypothesized that methylated Sm proteins function to anchor Tudor within the pole plasm.
To test this hypothesis, we examined the localization of Venus fluorescent protein (VFP)-tagged Sm constructs within Drosophila egg chambers. Similar to the situation in mammals, Drosophila SmB, SmD1 and SmD3 contain symmetric dimethylarginine (sDMA)-modified residues, whereas SmD2, SmE, SmF and SmG do not (Fig. 1A) . All four tagged Sm proteins localized around the cortex of the oocyte and also occasionally within the oocyte nucleus (Fig. 1B , arrowhead and asterisk). Interestingly, VFP-SmB and VFP-SmD3 were convincingly enriched at the posterior of stage 10 oocytes, but VFP-SmD1 and VFP-SmE were not (Fig. 1B, arrow) . As a consequence of this differential localization, we focused the remainder of our studies on SmB and SmD3. Posterior enrichment of VFP-SmB and VFP-SmD3 persists after fertilization, as they can be detected at the posterior of preblastoderm stage embryos (see Fig. S1B in the supplementary material).
In order to validate these findings, egg chambers were analyzed with the anti-Sm antibody Y12, which in Drosophila primarily recognizes SmB. Under native conditions, Y12 immunostaining did not display posterior SmB enrichment (see Fig. S1A in the supplementary material). However, mild proteinase K digestion of egg chambers (see Fig. S1A in the supplementary material) or overexpression of oskar (Fig. 1C , arrow) revealed posteriorly enriched SmB. Under similar conditions, Sans fille (Snf), a core spliceosomal protein, was not detected at the posterior (Fig. 1C) . A likely explanation for this finding is that the Y12 epitope is masked when SmB is localized at the posterior. Proteinase K digestion and overproduction of pole plasm via oskar overexpression partially exposes this epitope. Similar results have been observed for other pole plasm components (Micklem et al., 1997; Newmark et al., 1997; Webster et al., 1997) .
We next examined whether VFP-SmB and VFP-SmD3 colocalized with known components of the pole plasm. As shown in Fig. 2A -D, VFP-SmB and VFP-SmD3 colocalized with Oskar, Staufen (Stau) and Tudor (Tud) at the posterior. As an additional demonstration of specificity, we analyzed the recruitment of Sm proteins to sites of ectopic pole plasm. Overexpression of Oskar within the germline often leads to the formation of an ectopic focus of pole plasm (Zimyanin et al., 2007) . Both VFP-SmB ( Fig. 2E ) and VFP-SmD3 (Fig. 2F) were convincingly recruited to such foci. We therefore conclude that SmB and SmD3 are specific components of the pole plasm.
In order to determine the pathway by which Sm proteins are sorted to the pole plasm, we examined the localization of VFP-SmB and VFP-SmD3 in several mutant backgrounds. In stau mutants, oskar mRNA is not maintained at the oocyte posterior (St Johnston et al., 1991) and, consequently, these egg chambers do not express Oskar protein. VFP-SmB and VFP-SmD3 were not observed at the oocyte posterior in stau mutants, indicating a requirement for Oskar expression and pole plasm formation in their posterior enrichment (Fig. 2G) . In tud mutants, oskar mRNA and protein are expressed and localize to the oocyte posterior (Thomson and Lasko, 2004) , resulting in the formation of a partial pole plasm. Interestingly, neither VFP-SmB nor VFP-SmD3 was convincingly enriched at the oocyte posterior in tud mutants (Fig. 2H) . Lastly, we examined the localization of these proteins in dart5 mutants. As expected, given the Tud-delocalization phenotype in dart5 egg chambers (Anne et
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Sm protein function in mRNA localization Sm proteins are components of the oskar mRNP Although SmB and Tud colocalize at the posterior pole, we could not detect an association between these factors by coimmunoprecipitation (data not shown). This suggests that either Tud and Sm proteins do not associate in vivo or, if they do, the complex might be insoluble under our experimental conditions. Surprisingly, however, we detected an in vivo association between SmB and two known components of the oskar mRNP: Stau (Fig. 3A) and Yps ( Fig. 3B) (St Johnston et al., 1991; Wilhelm et al., 2000) . These findings suggest that Sm proteins associate with oskar mRNA in vivo. To test this hypothesis, we examined the localization of VFPSmB in par-1 mutant egg chambers. In par-1 mutants, the polarity of the oocyte is disrupted, resulting in localization of oskar mRNPs at the oocyte center (Shulman et al., 2000; Tomancak et al., 2000) . If SmB is a component of the oskar mRNP, it should track to the center of the oocyte in par-1 mutants. Consistent with this interpretation, VFP-SmB colocalized with Stau (used here as an oskar mRNP marker) in the center of par-1 oocytes (Fig. 3C) .
A previous report demonstrated that immunoprecipitation of Yps co-precipitated oskar mRNA (Wilhelm et al., 2000) . Using a similar strategy, we found that immunoprecipitation of SmB also specifically co-precipitated oskar mRNA (Fig. 3D) , whereas vasa and SmB mRNAs were only present at background levels in the same precipitates (Fig. 3D) . Because antibodies that specifically recognize endogenous SmD3 are unavailable, we examined the ability of GFP-SmD3 to associate with oskar mRNA. Our results indicate that, like SmB, SmD3 is also complexed with oskar mRNA in vivo (Fig. 3E) .
Several observations indicate that the association of SmB and SmD3 with oskar mRNA occurs outside the context of the spliceosome. First, antibodies directed against a shared component of U1 and U2 snRNPs (Snf) did not co-precipitate oskar mRNA (Fig. 3F) . As expected, the Snf precipitates contained robust amounts of U1 snRNA (Fig. 3F) . Second, whereas snRNAs could be detected in Sm precipitates, they were not enriched in the Yps precipitate (Fig. 3G) . Third, the primers used in the RT-PCR reactions were designed to amplify spliced and unspliced isoforms of oskar; however, only spliced oskar mRNA could be detected in the Sm precipitates. These results suggest that SmB and SmD3, but not core splicing factors, are associated with cytoplasmic spliced oskar mRNA.
A mutant form of SmD3 fails to localize to the pole plasm Several large-scale screens have resulted in the production of GFPtagged 'protein-trap' alleles of numerous genes Kelso et al., 2004; Morin et al., 2001; Quinones-Coello et al., 2007) . The general approach utilizes a transposon bearing a GFP coding sequence flanked by splice donor and acceptor sites. If the construct integrates into an intron, it can produce an in-frame GFP-
Development 137 (14) -Coello et al., 2007) . The position of the tag within the SmD3 coding region was verified by sequencing and is indicated in Fig. 4A (arrowhead) . Henceforth, we refer to this allele as SmD3pt.
Despite the presence of the insertion within SmD3, SmD3pt is homozygous viable. RT-PCR analysis from homozygotes revealed that the vast majority of SmD3pt mRNA includes the GFP-trap exon, whereas exon-skipping accounts for a minute amount of the wild-type isoform (data not shown). In order to determine the methylation status of the mutant protein, snRNPs were immunoprecipitated from lysates of wild-type and SmD3pt flies and analyzed by western blotting with the anti-sDMA-specific SYM10 antibody (Fig. 4B) . Consistent with the RT-PCR result, mutant lysates contained very little wild-type SmD3 (Fig. 4B,  asterisk) . Furthermore, in comparison to the SmD3 present in wildtype lysates, SmD3pt was appreciably under-methylated. By contrast, methylation of SmD1 was unaffected (Fig. 4B) . Interestingly, the methylation of SmB was consistently reduced in 2345 RESEARCH ARTICLE Sm protein function in mRNA localization Lysates were prepared and the tagged proteins were immunoprecipitated using a monoclonal GFP antibody. The precipitates were first probed with SYM10 (top blot). The blot was then stripped and probed with a polyclonal GFP antibody (bottom blot). The small size difference between GFP-SmD3 and Smd3pt is due to the P-element-based linker present in Smd3pt. In contrast to GFP-SmD3, Smd3pt displays very little SYM10 reactivity. (D)Egg chambers expressing UAS-VFP-SmD3 driven using da-Gal4 were compared with egg chambers from SmD3pt homozygotes. Unlike VFPSmD3, SmD3pt is not enriched at the oocyte posterior (arrow). (E)The same egg chamber that was processed in C is pictured. Nurse cell nuclei and cytoplasm are shown. VFP-SmD3 localizes to cytoplasmic foci known as U-bodies, whereas SmD3pt does not. Scale bars: 50m in D; 10m in E.
the mutant lysates (Fig. 4B ). SmB and SmD3 are known to heterodimerize in vivo (Raker et al., 1996) . It is therefore plausible that their methylation is interdependent. In a parallel experiment, constructs expressing SmD3 with an N-terminal GFP tag (GFPSmD3), or one that is identical to the protein-trap allele (Smd3pt), were transfected into S2 cells. GFP-tagged proteins were immunoprecipitated from lysates of these samples and their methylation analyzed. In contrast to GFP-SmD3, Smd3pt displayed very little SYM10 reactivity (Fig. 4C) , confirming the hypomethylated status of the protein-trap isoform.
Next, we examined the localization of SmD3pt in egg chambers. In contrast to VFP-SmD3, SmD3pt was not detected at the posterior of stage 10 oocytes (Fig. 4D) . Sm proteins have also been shown to localize to cytoplasmic foci known as U-bodies (Liu and Gall, 2007) . Unlike VFP-SmD3, SmD3pt failed to accumulate in these cytoplasmic foci (Fig. 4E) .
oskar mRNA is delocalized in SmD3pt oocytes The finding that SmD3 is associated with oskar mRNA in vivo prompted us to examine the localization of this RNA in SmD3pt mutants. Unlike stage 9 and 10 wild-type egg chambers, in which oskar mRNA localized in a crescent at the posterior of the oocyte, the mRNA was delocalized to varying degrees in the mutants (Fig.  5A-D) . In most egg chambers that contained delocalized oskar mRNA, the message was diffusely distributed throughout the oocyte (Fig. 5C) . In a few instances, oskar mRNA was found in a tight focus or aggregate in the center of the oocyte (Fig. 5D ). The penetrance of the oskar mRNA-delocalization phenotype in SmD3pt mutants is temperature sensitive; the defect was alleviated at temperatures below 25°C and greatly exacerbated at 27°C (Fig.  5E) . A similar increase in the penetrance of the mutant phenotype was also observed at 25°C when the SmD3pt allele was brought in trans over a strong loss-of-function mutant, SmD3 l(2)k118-03 ( Fig.  5E ) (Schenkel et al., 2002) . Importantly, the posterior localization of oskar mRNA in the mutant background was rescued by expressing wild-type GFP-SmD3 (Fig. 5E ).
Hachet and Ephrussi demonstrated that splicing of oskar mRNA is crucial for its posterior localization (Hachet and Ephrussi, 2004) . We examined whether oskar mRNA was properly spliced in SmD3pt mutants by RT-PCR (see Fig. S3 in the supplementary material). Despite the high sensitivity of RT-PCR, unspliced oskar pre-mRNA could not be detected in wild-type or SmD3pt oocytes. We therefore conclude that splicing of oskar pre-mRNA is efficient, and that the delocalized cytoplasmic message in the mutants corresponds to spliced mRNA.
In contrast to oskar mRNA localization, the translational regulation of the message was relatively unaffected in SmD3pt mutants. As expected, mutants that contained diffusely localized oskar mRNA did not express Oskar protein (data not shown). However, egg chambers that contained a central focus or aggregate of oskar mRNA contained Oskar protein within the same focus (data not shown). Similar results have been observed in other mutants that also produce a focus or aggregation phenotype (Krauss et al., 2009; Yano et al., 2004) .
In order to test whether the oskar mRNA-delocalization phenotype resulted from reduced SmD3 arginine methylation, we constructed a methylation-null GFP-SmD3 transgene [GFPSmD3(R-K)] (Fig. 4A, red arrows) . Because wild-type GFP-SmD3 completely rescued oskar mRNA delocalization, we constructed the methylation-null transgene using the same transcriptional elements. Additionally, as both transgenes contained a C31 recombination site, they were integrated into the same genomic locus (Bischof et al., 2007) , eliminating the possible influence of position effect on transgene expression. Interestingly, although GFP-SmD3(R-K) fully rescued oskar mRNA localization at 25°C, the rescue at 27°C was incomplete (Fig. 5E) . A closer examination revealed that, despite the aforementioned controls, GFP-SmD3(R-
Development 137 (14) raised at 25°C were processed for in situ hybridization using a probe against oskar mRNA (red). The egg chambers were counterstained with DAPI (blue). (E)The localization of oskar mRNA was scored under the indicated conditions. l(2)k118-03 is a strong loss-of-function SmD3 allele. oskar mRNA is delocalization to a greater extent when SmD3pt homozygotes are raised at 27°C. Expression of wild-type GFP-SmD3 completely rescues oskar mRNA localization, whereas rescue with GFPSmD3(R-K) is incomplete. (F)Lysates were prepared from ovaries of flies expressing GFP-SmD3 (lane 1) or GFP-SmD3(R-K) (lane 2). The expression level of the transgenes was analyzed by western blotting using a GFP antibody (top blot). The blot was subsequently stripped and the load was verified by blotting with an antibody against Snf (bottom blot). (G)Lysates prepared from wild-type females (lanes 1, 2 and 3) or SmD3pt females raised at 21°C (lanes 4, 5 and 6) or 27°C (lanes 7, 8 and 9) were subjected to immunoprecipitation in triplicate using a polyclonal GFP antibody. The precipitating RNAs were extracted and oskar mRNA levels were analyzed using reverse transcriptase followed by qualitative (top) or quantitative (bottom) PCR. The difference in the amount of oskar mRNA associated with SmD3pt at 21°C versus 27°C was not statistically significant.
K) was several-fold reduced in expression level, compared with GFP-SmD3 (Fig. 5F) . It is therefore possible that mutating the Cterminal arginine residues of SmD3 to lysine affects the stability of the protein. Despite the lower expression level of GFP-SmD3(R-K), however, the transgene still retains the ability to partially rescue oskar mRNA localization. Thus, the safest conclusion is that methylation of SmD3 plays a minimal role, if any, in the localization of oskar mRNA. Consistent with this interpretation, oskar mRNA is properly localized in dart5 mutants (data not shown), a background in which SmD3 is unmethylated (Gonsalvez et al., 2006) . The observed delocalization of oskar mRNA might be due to an inability of SmD3pt to associate with the message. Unfortunately, an antibody that specifically recognizes endogenous SmD3 is unavailable, such that we cannot compare the RNA association levels of wild-type SmD3 versus SmD3pt. However, because the oskar mRNA-delocalization phenotype is temperature sensitive, we tested whether loss of SmD3pt binding correlated with message delocalization. In contrast to females raised at 27°C, those raised at 21°C do not display a significant oskar mRNA-delocalization phenotype (data not shown). Ovarian lysates were prepared from wild-type (Oregon-R) or SmD3pt females raised at either 21°C or 27°C. The lysates were subjected to immunoprecipitation using anti-GFP antibodies. The co-precipitating RNAs were extracted and the presence of oskar mRNA was analyzed by reverse transcription followed by qualitative and quantitative PCR (Fig.  5G) . Although we observed a slight decrease in the amount of oskar mRNA associated with SmD3pt at 27°C versus 21°C, the difference was not statistically significant.
Polarity of SmD3pt egg chambers
We next determined the specificity of the oskar mRNAdelocalization phenotype by examining the localization of gurken and bicoid mRNAs in mutant oocytes. In wild-type egg chambers, gurken mRNA localizes to the dorsal anterior corner of the oocyte (Gonzalez-Reyes et al., 1995; Neuman-Silberberg and Schupbach, 1993) . No defect was observed in the localization of gurken mRNA or protein in the mutants (Fig. 6A,B) . Similarly, in wild-type, as in mutant egg chambers bicoid mRNA localized to the anterior margin of the oocyte (Fig. 6C,D) . Furthermore, even in egg chambers in which oskar mRNA was delocalized, the localization of gurken and bicoid mRNAs was unaffected (see Fig. S4 in the supplementary material). Because the localization of gurken and bicoid mRNAs relies on a polarized microtubule network (Duncan and Warrior, 2002; Januschke et al., 2002; Pokrywka and Stephenson, 1991) , this finding suggests that the overall polarity of the egg chamber is unaffected in SmD3pt mutants. Furthermore, staining of SmD3pt oocytes with phalloidin did not reveal defects in the architecture of the actin cytoskeleton (see Fig. S5 in the supplementary material).
The primary motor responsible for transporting oskar mRNA within the oocyte is thought to be Kinesin heavy chain (Khc). Khc localizes in a crescent at the posterior of wild-type stage 9 and 10a oocytes, and in Khc mutants oskar mRNA is mislocalized around the entire cortex of the oocyte (Brendza et al., 2002; Cha et al., 2002; Palacios and St Johnston, 2002) . Localization of oskar mRNA and of Khc were simultaneously visualized in wild type and SmD3pt mutants. As expected, oskar mRNA and Khc colocalized at the posterior of stage 9 and 10a wild-type oocytes (data not shown). Similar results were obtained in SmD3pt mutants that contained properly localized oskar mRNA (Fig. 6E, arrow) . However, Khc was never enriched at the oocyte posterior in egg chambers with delocalized oskar mRNA (Fig. 6F) . As previously noted, such egg chambers do not express Oskar protein. Importantly, Oskar protein participates in a feedback loop that reinforces the posterior recruitment of microtubule plus ends (Zimyanin et al., 2007) . Consequently, Khc, a plus-end-directed motor, is not enriched at the posterior of egg chambers that do not express Oskar protein (Zimyanin et al., 2007) . Consistent with this interpretation, SmD3pt oocytes that contain a central focus of oskar mRNA and protein recruit Khc to the same focus (see Fig. S6 in the supplementary material).
SmD3 is required for germ cell specification and embryonic patterning
Proper localization of oskar mRNA during oogenesis is required for germ cell formation and patterning of the embryo. We extended our analysis to embryos from SmD3pt mothers raised at 27°C (referred to as SmD3pt embryos). In contrast to embryos derived 2347 RESEARCH ARTICLE Sm protein function in mRNA localization Fig. 6 . Polarity is unaffected in SmD3pt egg chambers. (A)Egg chambers from SmD3pt homozygotes were processed for in situ hybridization using a probe against gurken (grk) mRNA (red) and were counterstained with DAPI (blue). (B)Egg chambers from SmD3pt homozygotes were processed for immunofluorescence using an antibody against Gurken protein (red). The green fluorescence of SmD3pt is also shown. gurken mRNA and protein were localized to the dorsal-anterior corner of the oocyte (arrow). (C,D)Egg chambers from wild type (C) or SmD3pt homozygotes (D) were processed for in situ hybridization using a probe against bicoid (bcd) mRNA (red) and were counterstained with DAPI (blue). bicoid mRNA localized to the anterior margin of the oocyte in both instances (arrow). (E,F)SmD3pt mutants were processed for in situ hybridization using a probe against oskar mRNA (red) and for immunofluorescence using an antibody against Khc (green). In contrast to egg chambers containing localized oskar mRNA (E), egg chambers in which oskar mRNA was delocalized failed to accumulate posterior Khc (F).
from wild-type females, 74% of SmD3pt embryos contained neither germ cells nor posterior Oskar protein (Fig. 7A,B) . Similar results were obtained when SmD3pt embryos were stained for Vasa, an essential pole plasm component and germ cell marker (Fig. 7C,D) (Hay et al., 1988; Lasko and Ashburner, 1988) . Of note, a small percentage of mutant embryos (9%) contained fewer germ cells than their wild-type counterparts (Fig. 7E) .
We next examined the patterning of SmD3pt embryos by simultaneously visualizing fushi tarazu (ftz) mRNA (a marker for patterning) and Vasa protein (Fig. 7F-I ). As with wild-type embryos, SmD3pt embryos that contained germ cells were properly patterned (Fig. 7F,G) . These represent embryos that contain wildtype levels of Oskar activity. Interestingly, of those SmD3pt embryos that were devoid of germ cells, 26% retained proper patterning (Fig. 7H) , whereas the rest were missing posterior segments (Fig. 7I) . The embryos that retained proper patterning, yet were devoid of germ cells, are likely to contain a small amount of Oskar activity. This is consistent with previous findings suggesting that germline specification is more sensitive than posterior patterning to a reduction in Oskar activity (Lehmann and Nusslein-Volhard, 1986; Rongo et al., 1995) . Embryos that lack both germ cells and posterior segments are likely to contain no Oskar activity.
We also analyzed whether SmD3 is required for germ cell formation apart from its role in oskar mRNA localization. We tested this by artificially targeting Oskar protein to the anterior of SmD3pt embryos. Oskar has been successfully targeted to the anterior pole of embryos by tethering the localization sequences from bicoid mRNA to the oskar coding sequence (Ephrussi and Lehmann, 1992) . Anterior Oskar protein induces the formation of ectopic germ cells (Ephrussi and Lehmann, 1992; Tanaka and Nakamura, 2008) . Mutants that function solely in oskar mRNA localization are capable of forming anterior germ cells. However, those mutants that also function downstream of oskar localization in germ cell specification are compromised for anterior germ cell formation. Interestingly, SmD3pt mutants appear to fall into the latter category. Out of 112 wild-type embryos expressing the oskarbicoid (osk-bcd) transgene, 53% formed anterior germ cells (Fig.  7J) . SmD3pt mutants were also capable of forming anterior germ cells (Fig. 7K) . However, out of 138 embryos lacking posterior germ cells, only 34% contained anterior germ cells. This finding implies that, in addition to participating in oskar mRNA localization, SmD3 also functions separately in germline specification. However, firmer conclusions will require an SmD3 allele that is not compromised for oskar mRNA localization, yet is defective in germline specification.
DISCUSSION
Sm proteins and germ granule localization
Previous studies in C. elegans, Xenopus and mice showed that Sm proteins localize to cytoplasmic granules that are functionally similar to the Drosophila pole plasm (Barbee et al., 2002; Bilinski et al., 2004; Chuma et al., 2003) . Using VFP-tagged constructs, we demonstrate that SmB and SmD3 localize to the Drosophila pole plasm. Does the localization of the tagged constructs reflect the true localization of the endogenous proteins? Several lines of evidence
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Development 137 (14) suggest that it does. VFP-SmB rescues the lethality of a transposon insertion in SmB and produces viable adults in which the tagged protein is properly localized (see Fig. S1C in the supplementary material). Expression of VFP-SmD3 or GFP-SmD3 rescues the oskar mRNA-delocalization phenotype of SmD3pt mutants and both constructs localize to the pole plasm (Fig. 4D, Fig. 5E ; data not shown). Additionally, the transgenes are not overexpressed in comparison to their endogenous counterparts (see Fig. S1D in the supplementary material). Thus, the posterior enrichment of VFPSmB and VFP-SmD3 does not appear to be the result of a tagging artifact.
Our results suggest that germ granules in Drosophila contain a novel type of Sm complex. SmB and SmD3, but not the other Sm proteins, have been shown to co-purify with human telomerase RNPs (Fu and Collins, 2006) . Furthermore, the U7 snRNP, which is required for nuclear processing of histone mRNA, specifically lacks SmD1 and SmD2 (Pillai et al., 2001) . Thus, there is precedence for the formation of non-canonical Sm complexes that contain subsets of the seven core Sm proteins.
oskar mRNA localization The splicing function of Sm proteins is required for cell viability. Therefore, examination of Sm protein function in germline specification requires a viable mutant allele that is not compromised for splicing. Such an allele is not available for SmB. However, we demonstrate that SmD3pt is homozygous viable and defective in oskar mRNA localization. In early egg chambers, oskar mRNA occupies the entire volume of the ooplasm (Ephrussi et al., 1991; Kim-Ha et al., 1991) . By stage 8, the message can be detected at the anterior margins of the oocyte and also within a transient central focus (Cha et al., 2002; Ephrussi et al., 1991; KimHa et al., 1991) . By stage 9, oskar mRNA localizes to the posterior pole of the oocyte where it remains anchored for the remainder of oogenesis (Ephrussi et al., 1991; Kim-Ha et al., 1991) . In SmD3pt mutants, the localization of oskar mRNA is identical to that in wild type until stage 8 (data not shown). A significant fraction of stage 9 and 10 egg chambers, however, show varying patterns of oskar mRNA delocalization (Fig. 5) . The penetrance of the mutant phenotype is temperature sensitive but is not significantly different between stage 9 and 10 egg chambers. Consistent with oskar mRNA delocalization, Stau, a core component of the oskar mRNP, was also delocalized in SmD3pt egg chambers (see Fig. S7 in the supplementary material).
Why is oskar mRNA delocalized in mutant oocytes? Smd3pt is hypomethylated in comparison to the wild-type protein. Our results indicate, however, that loss of methylation is unlikely to be the cause of oskar mRNA delocalization (Fig. 5E) . It is also possible that the GFP insertion within Smd3pt somehow compromises the activity of the protein. Using anti-GFP antibodies, we found that Smd3pt is able to associate with oskar mRNA in vivo (Fig. 5G) . We exploited the temperature-sensitive nature of the SmD3pt allele to ask whether oskar mRNA delocalization correlates with loss of Smd3pt binding. We found no significant difference in the association of SmD3pt with oskar mRNA at permissive (21°C) and non-permissive (27°C) temperatures (Fig. 5G) . We conclude that when oskar mRNA is delocalized, SmD3pt remains associated with the message.
How do SmD3 and SmB function in oskar mRNA localization? In considering this question, it is worth examining the function of Sm proteins in snRNP assembly. An early event in assembly of spliceosomal snRNPs involves the association of an Sm core with the snRNA (Matera et al., 2007) . By binding the snRNA, the Sm proteins are thought to aid in the three-dimensional folding of the RNA such that additional components can be specifically added to the maturing snRNP (Beggs, 2005; Kambach et al., 1999) . By analogy, SmD3 and SmB might bind oskar mRNA early in the life cycle of the message, thereby enabling proper folding of the RNA and subsequent recruitment of additional essential components. When SmD3pt is brought in trans over a strong loss-of-function SmD3 mutant, the penetrance of oskar mRNA delocalization is greatly increased (Fig. 5) . By contrast, removing one copy of SmB does not exacerbate the SmD3pt mutant phenotype (data not shown). Thus, SmB and SmD3 do not appear to function redundantly in oskar mRNA localization.
The role of microtubules in oskar mRNA localization Unlike oskar mRNA, bicoid and gurken mRNAs were properly localized in SmD3pt egg chambers (Fig. 6) . Additionally, no defect was observed in the repositioning of the oocyte nucleus to the dorsal-anterior corner of SmD3pt egg chambers (data not shown). These processes are microtubule dependent and require a properly polarized oocyte (Duncan and Warrior, 2002; Januschke et al., 2002; Pokrywka and Stephenson, 1991) , suggesting that overall polarity is maintained in SmD3pt egg chambers.
In contrast to bicoid and gurken mRNAs, the plus-end-directed microtubule motor, Khc, was not enriched at the posterior pole in SmD3pt mutants that contained delocalized oskar mRNA. One interpretation suggests that microtubule plus ends are not anchored at the posterior in SmD3pt mutants. According to this view, the defect in oskar mRNA localization would be a secondary consequence of prior defects in the localization of microtubule plus ends. This hypothesis posits that the primary function of SmD3 is in the regulation of microtubule polarity. We cannot entirely rule out this possibility. However, the intertwined nature of oocyte plus end polarity and the Oskar pathway causes us to favor a slightly different hypothesis. Oskar protein participates in a positivefeedback mechanism that reinforces posterior recruitment of microtubule plus ends (Zimyanin et al., 2007) . According to this view, an egg chamber that fails to express Oskar protein would fail to recruit sufficient microtubule plus ends to the posterior pole. Thus, Khc would appear delocalized in these egg chambers. We believe this to be the case in SmD3pt mutants. Consistent with the notion of an Oskar-Khc connection, SmD3pt egg chambers that contain a central focus of oskar mRNA and protein recruit Khc to the same focus (see Fig. S6 in the supplementary material) .
Is the function of Khc compromised in SmD3pt egg chambers? The fact that Khc is not localized to the posterior pole of mutant egg chambers suggest that at least this aspect of its function is compromised. However, global functions of Khc in the female germline appear to be relatively unaffected in SmD3pt mutants. Loss of Khc results in delocalization of bicoid mRNA, gurken mRNA and protein, mispositioning of the oocyte nucleus, and mislocalization of oskar mRNA around the entire cortex of the oocytes (Cha et al., 2002; Januschke et al., 2002) . None of these phenotypes was observed in SmD3pt mutants.
Conclusions
The Sm family of proteins is of ancient evolutionary origin. The Escherichia coli Sm ortholog, Hfq, functions to modulate the translation and stability of several RNAs, including mRNAs and tRNAs (Valentin-Hansen et al., 2004) . Based on these ancestral functions, the involvement of eukaryotic Sm proteins in splicing is generally thought to be a derived function. Our finding that spliceosomal Sm proteins are also associated with oskar mRNA suggests that some of these ancestral functions in mRNA regulation have been retained. In the context of oskar, SmD3 is required for regulating the localization of the message. As a consequence of this function, hypomorphic mutants in SmD3 do not form germ cells and display defects in developmental patterning. This study represents the first demonstration of a eukaryotic Sm protein regulating the cytoplasmic fate of an mRNA.
